Thapsigargin (TG) and cyclopiazonic acid (CPA) are reported to be specific high-affinity inhibitors of the sarcoplasmic reticulum (SR) Ca2' pump in isolated membranes and cells, with TG causing complete pump inhibition at nanomolar concentrations. To evaluate the effectiveness of TG and CPA in small multicellular cardiac preparations, we used rapid cooling contractures (RCCs) (eg, SR Ca2' pump and Na+-Ca2' exchange). The result is a slowly developing contracture (at 0°C), where the amplitude is indicative of the SR Ca2' content at the moment of cooling. Although caffeine can also be used to release SR Ca2, it is much less useful in multicellular preparations than in isolated cells because caffeine diffuses slowly into the muscle (and doesn't slow Na+-Ca2' exchange). Thus, the caffeine-induced contractures in the many cells in a muscle are asynchronous, with cells at the outside contracting and relaxing (because of Na+-Ca2+ exchange) before cells in the core are activated.
Until recently, caffeine and ryanodine have been the main agents used to inhibit SR function in intact cardiac cells. Although this approach has been helpful in showing that contraction could be supported to various extents by sarcolemmal Ca 2 influx in different animal species,7 these agents activate SR Ca2' release rather than inhibiting the SR Ca`pump. This could be a particular problem when using ryanodine, since the SR can still accumulate Ca2, albeit transiently.8 An additional impact that SR Ca 2 uptake inhibition would have on contractile force is to alter the Ca2+-buffering (ER) Ca2'-ATPase. TG current at the concentrations used.12-'4 Therefore, these two compounds could be valuable tools in the study of the impact of SR Ca 2+ pump inhibition on contractile force and relaxation in multicellular cardiac preparations. However, no studies have tested the ability of TG or CPA to prevent SR Ca21 uptake in such multicellular cardiac preparations.
It is difficult to directly assess the SR Ca'+ content in intact functioning cardiac muscle. Rapid cooling contractures (RCCs) have been found to provide a valuable index of SR Ca21 content in mammalian cardiac mus- cle. 25,6,8"15-'9 Rapidly cooling the cardiac muscle to 0°C appears to cause release of all of the SR Ca21 while simultaneously inhibiting the Ca2+ transport systems (eg, SR Ca2' pump and Na+-Ca2' exchange). The result is a slowly developing contracture (at 0°C), where the amplitude is indicative of the SR Ca2' content at the moment of cooling. Although caffeine can also be used to release SR Ca2, it is much less useful in multicellular preparations than in isolated cells because caffeine diffuses slowly into the muscle (and doesn't slow Na+-Ca2' exchange). Thus, the caffeine-induced contractures in the many cells in a muscle are asynchronous, with cells at the outside contracting and relaxing (because of Na+-Ca2+ exchange) before cells in the core are activated.
The aims of the present study were to determine, in multicellular preparations, the effects of TG and CPA (1) on SR Ca2' accumulation using RCCs as an indicator of SR Ca2' load, (2) on steady-state twitch parameters, and (3) on the balance of Ca2+ fluxes between the Na+-Ca2' exchanger and the SR Ca2+ pump during rest.
Materials and Methods Muscle Preparations
The protocol for muscle dissection, mounting, and RCCs has been previously described.5 In brief, thin papillary muscles or ventricular trabeculae (0.1 to 0.7 mm in diameter) were obtained from the hearts of New Zealand White rabbits previously anesthetized with pentobarbital sodium (40 mg/kg IV). Each muscle was tied at both ends with a fine nylon thread; one end was fixed, and one end was attached to a force transducer (model AE 875, SensoNor, Horten, Norway; or Kulite Semiconductor, Leonia, NJ). Muscle shape was assumed to be cylindrical, and diameter was measured by means of a micrometer in the dissecting microscope. Force was expressed in millinewtons per square millimeter.
The solutions fed the chambers by gravity (flow rate, -25 mL/min) and were maintained at the desired temperature by water jacketing at 30°C or by jacketing with a mixture of polypropylene glycol and water (1:3) at -4°C. Solenoid (20 mM) or ryanodine (10 I£M) completely abolished both the RCC and the rewarming spike (Fig 1, C and F, respectively) . This confirms that the RCC in the presence of TG or CPA represents residual SR Ca2 . When 20 mM caffeine was first applied (between Fig 1, B and C (Fig 2, C) , it is apparent that the time to peak force (TTP) was increased but that t112 was not appreciably changed. Over of the first postrest contraction (ie, the time course of rest decay) normalized to the control twitch. In control conditions, the rest decay was typical for rabbit ventricular muscle. After TG treatment, the steady-state twitch was depressed by 47%, and rest decay was accelerated. The time constant for this rest decay (r) decreased from 72±11 to 13±1 seconds after TG. To confirm that this was actually due to a faster decline in SR Ca 2+ content, RCCs were elicited at steady state and after different rest periods (Fig 3, B) . TG treatment decreased the steady-state RCC by 76% and also accelerated rest decay of RCCs (r decreased from 83±18 to 26±4 seconds).
Results obtained with CPA were not qualitatively different from those obtained with TG, and a typical example is shown in Fig 4. CPA accelerated rest decay of both twitches and RCCs. On the average (n=7), CPA decreased r from 30 to 13 seconds for twitches and from 68±11 to 10±5 seconds for RCCs. In Fig 4, ryanodine was also added after equilibration and testing with CPA alone. Ryanodine accelerated the rest decay even more, as may have been expected (r=5 seconds). However, the twitch after a 5-minute rest was not further reduced by ryanodine. Thus, this "rested state" twitch (with CPA alone) may reflect activation by Ca2' influx alone.
Discussion
Our results show that TG and CPA both decreased twitch force by decreasing the amount of Ca 2+ inside the SR (assessed by RCCs), presumably due to partial . Data were normalized and fit as in Fig 3. A, CPA accelerated twitch force rest decay: r decreased from 94 to 50 seconds; A slightly increased from 67% to 75%; and B decreased from 31% to 15%. Subsequent ryanodine application drastically accelerated rest decay as follows: r, 5 seconds; A, 45%; and B, 13%. B, Rest decay of RCCs mirrored twitch rest decay as follows in control conditions: , 155 seconds; A, 99%; and B, 0%. After CPA application, RCC decay was accelerated as follows: , 36 seconds; A, 72%; and B, 0%. Ryanodine completely abolished RCC at steady-state and after rest in this CPA-treated preparation.
Ca2`by a 90-second exposure to 5 ,M TG. In rabbit ventricular muscle during rest, Ca>2 leaks from the SR, probably through the SR Ca2' channel.28
Part of this Ca21 is extruded by the Na+-Ca2+ exchanger (which leads to rest decay by decreasing SR Ca>2 content), and most of the rest is pumped back inside the SR (which, by contrast, slows rest decay). Therefore, the amount of Ca 2> inside the SR reflects the balance between these two transporters (sarcolemmal Na+-Ca 2 exchanger and SR Ca21 pump).6,19 According to this scheme, any drug that inhibits SR Ca2± reuptake or increases SR Ca>2 release during rest should accelerate rest decay, because the probability of the Ca>2 leaking from the SR being extruded by the Nat-Ca> exchanger is higher. Ryanodine, which does not inhibit the SR 
